The effective aperture of a receiving dipole is studied under matched and unmatched conditions. The results for the matched case correspond to expectations but lack of matching is shown to lead to quite unusual features. Analytical integration of the Poynting vector over a sphere containing the dipole shows the relative contributions of the input and reradiated fields to the total received power. The streamlines of the Poynting vector, both those ending up on the dipole and those bypassing the dipole and travelling to infinity, are determined numerically and shown in a number of figures. Vortices are shown to exist in the unmatched case. The effect of a non-uniform input wave upon the size and shape of the effective aperture is also shown. A simple experiment, likely to lead to a qualitative confirmation of the theoretical predictions, is proposed.
Introduction
All electrical engineering problems involve transferring power from one part of space to another part, and it is the Poynting vector that describes the movement of that power. The reason why there are so few studies of the subject may be that some of the tenets have no immediate appeal (e.g. that closed vortices of the Poynting vector represent stored angular momentum) and in other cases the movement of power does not tally with simple physical expectations. The authors believe, however, that the Poynting vector might come into prominence in the future in the wake of some newly found physical phenomena, such as the anomalously hgh transmission of power through subwavelength holes [ 11 and imaging of subwavelength objects [2] . In a recent paper [3] the authors managed to make plausible the latter phenomenon by presenting the streamlines of the Poynting vector whch converge on the image. In the present paper it is intended to revisit an old problem in antennas using similar techniques.
In antenna theory both the outward spread of power from a transmitting dipole and the calculation of radiation resistance is routinely described by the Poynting vector but the usual treatment of the receiving dipole is in terms of reciprocity. As far as is known the only systematic attempt to solve the near field problem of a receiving dipole and to plot the corresponding Poynting vectors was done by a group at the Technical University of Munich. In particular, Muller [4] and Landstorfer [5] studied the near field, Muller [6] determined the shape of the effective aperture for the matched case for a short &pole and for a halfwave dipole, Greving [7] , performing similar calculations a little later, determined the shape for a range of dipole lengths, Landstorfer and Sacher [13] . Two further papers [14, 151 written in the 1980s were, independently, concerned with the phenomenon that the Poynting vector tends to converge upon a body that can absorb radiation.
The aim is to use the simplest model from which Poynting vector streamlines can be deduced and effective aperture shapes determined. Therefore reliance will be on analytical solutions of the field quantities for a short dipole. Such an approach enables one to calculate analytically the Poynting vector everywhere in space. It gives one the best chance to avoid numerical artifices. Numerical techniques will be used only at the last stage, at which the differential equations for the streamlines need to be solved. (1) where p is the propagation coefficient, Z, is the impedance of free space, and Ty are unit vectors in the z and y directions respectively, and a temporal variation of exp(jcot) is assumed.
The current along the short dipole is taken in the form of a triangular distribution mote I] as shown in Fig. lb where I is the length of the dipole, assumed to be much smaller than the wavelength. The power received may then be derived from the equivalent circuit as
where the well known expression for the radiation resistance of a short dipole RA=(~/6)20(1/;1)~ has been used.
Since E;/2Zo is the power density of the incident plane wave at the dipole the effective aperture is defined as
It may be seen that in the matched case g(1, 0) = 0 and the effective aperture is independent of the length of the dipole.
In the absence of matchmg g < 1.
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Using (2) for the current at the load point and considering the triangular current distribution one can use the well known expressions for the electric and magnetic fields of a short dipole from any book on antennas or electromagnetic theory. They are written in the form
where r, 8, cp are coordinates in a spherical coordinate system centred at 0, the subscript a refers to the antenna and
The Poynting vector
The total field may now be obtained by adding the incident and reradiated fields. The time average Poynting vector may then be obtained from the expression
The above expression can be written as the sum of 1 2 1 2
the contribution of the plane wave,
$2 = -Re(za x I ? : ) the contribution of the dipole, and 1 $3 =-Re(,$, 2 x f?,, +za x Ej,*) (11) whch represents the mixed terms.
The power received by the dipole is given by (3). We shall now work it out in an alternative manner as the surface integral of the Poynting vector over a sphere centred at 0
It is shown in the Appendix (Section 8.1) that this integral is independent of the radius of the sphere and yields the same expression as that given by (3). However the formulation in terms of the Poynting vector can give more than an alternative derivation. It may also provide an interesting physical picture by loolung at the three contributions to the total Poynting vector. Integration of the plane wave over the sphere
yields zero. The same amount of power goes into and out of the sphere. The contribution from the dipole must be positive. Once the dipole is excited by the input radiation and a current flows in it, it will radiate out a certain amount of power. 
But this is exactly the power that radiates outwards from the matched dipole. Thus for this to be the received power the mixed term should yield twice as much power. And, as it may be easily shown by integration, the mixed terms give indeed -2P,, (the negative sign indicating that the power is moving inwards, towards the dipole).
Next we may look at the case A = 0, r = 0, i.e. when the load resistance is zero and the internal reactance is tuned out. Then the dipole current is twice as large as in the matched case, consequently the power radiated out by the dipole is four times as large. The contribution from the plane wave is of course still zero but the contribution from the mixed terms is now equal to that from the dipole and is in the opposite direction. The total power moving across the sphere is zero and it must indeed be zero. Without the load resistance the dipole cannot take up any power from the field.
Streamlines of the Poynting vector
Once the total vector field is available, and that is as far as one can go analytically, it is possible to start at any point in space and calculate the streamlines, i.e. the lines whose tangent at a point is equal to the direction of the vector at the same point.
For numerical calculations reliance is mostly on the streamline subroutine of MATLAB. Sometimes, when the direction of the streamlines varied very quickly, the accuracy of this subroutine was found to be insufficient and we had to resort to the direct solution of the differential equation for the streamlines given by
The above differential equation was solved by MATLAB-subroutines, ode23, ode23t and ode45.
Results

The matched case
The dipole absorbs maximum power from the incident field when A = 1 and r = 0. Streamlines of the Poynting vector for this case were worked out by Muller [6] nearly 30 years ago using numerical solutions for the current distribution and the reradiated field. The map of streamlines obtained by the proposed analytical expression for the short dipole is practically identical to that of Muller. For completeness, they are plotted in Fig. 2a in the xy and xz planes. It may be clearly seen that the streamlines either end up at the dipole (where they are absorbed) or carry on towards the negative x axis. A point of interest is Q on the x axis. A streamline infinitesimally to the right of the point is directed towards the dipole whereas a streamline infinitesimally to the left of the point is directed towards negative infinity. Q is clearly a point of singularity. Since the Poynting vector cannot simultaneously be directed in both directions it must be zero at that point. The position of Q on the x axis is calculated analytically in the Appendix, (Section 8. in that x=constant plane which is crossed by the streamlines ending up on the dipole, comprises the effective receiving aperture. Our result, practically the same as that of Muller [6] , is shown in Fig. 26 . The area is equal, to a good approximation, to 3A2/8z given by (5).
Mismatch:
A + 1, T = 0
We shall now enter uncharted territory. To our knowledge nobody has determined so far the shape of the effective aperture when the dipole is not matched. First, we shall look at the case when the internal reactance is tuned out but the load resistance is no longer equal to the internal resistance. The power received is then obviously less and the effective aperture must correspondingly decrease. Repeating now the streamline calculations the effective apertures for A = 2, 5, 20 and 50 are shown in Fig. 3a . As expected, the effective aperture declines, the shape of the effective aperture remaining, more or less, the same.
If we take d < 1, i.e. when the load resistance is less than the input resistance, we are in for a surprise. The shape of the effective aperture is drastically different from those obtained for A > 1 as may be seen in Fig. 3b for A = 1/2, l/5, 1/20, and 1/50. T h s means that although the dipole may absorb the same amount of power for A = a and l/a (for any value of a) the way the power travels to the dipole in the two cases is entirely different. To find out how the power is travelling we shall take as an example the pair, A = 50 and A = 1/50 and plot the corresponding streamlines. For A = 50 the streadnes are as expected (Fig. 4a) Eflective aperture for r = 0 A = 1/50 (Fig. 4b) . Streamline 1 reaches the dipole without rotation, whereas streamline 2 forms vortices. A detailed study of the vortex structure is beyond the scope of the present paper but it is generally true that for A < 1 a family of vortices exists which may or may not end up on the dipole. Streamline 3 is an example of a streamline that bypasses the dipole and travels on towards negative infinity.
Two incident plane waves
To see the effect of non-uniform intensity distribution we consider here two plane waves of the same frequency incident symmetrically at an angle a relative to the x axis with polarisations in the z direction and propagation vectors in the xy plane. The phases of the two plane waves are chosen so as to give an interference maximum along the z axis where the dipole is located. Clearly, if the intensity distribution is non-uniform the effective receiving aperture must increase to let the same amount of power pass through it. In what follows the shape of the effective aperture is investigated as a function of the angle between the plane waves for the matched case only. As a increases the intensity distribution varies faster hence the effective aperture must increase. The shape and size of the aperture is shown in Fig. 5 for a = 30", 36", 45" and 60". There is hardly any change at a = 30" but for higher angles the aperture grows 'ears'. The streamlines in the xy and xz planes for c( = 30"
and 60" are shown in Figs. 6a and b. It may be seen that for a = 30" there is contribution to the absorbed power only from the first period of the interference pattern whereas for 
Discussion
When describing the operation of various devices it is desirable to develop a physical picture as simple as possible. The concept of the effective receiving aperture is a considerable aid in this direction. We can easily imagine how the power crossing an aperture ends up on the dipole whereas the rest of the power travels by. However, this physical picture is simple only if the effective aperture has a simple shape. For some of the shapes shown in Figs. 3 and 5 intuition falters and one can legitimately ask the question: does power really travel that way? To our mind the most astonishing feature of these calculations (see Section 3.2) is that while the power received is the same the power reaches the dipole in entirely different ways for A = a and A = I/a. Is this true? The Poynting vector is known not to be uniquely determined. Other vector fields could be defined which could also be interpreted as representing power density. hoped that experimenters will take up the challenge.
Conclusions
The effective aperture of a short dipole has been studied in conjunction with the streamlines of the Poynting vector for an incident plane wave. For the matched case, studies have confirmed the result obtained in the 1970s. For the case when the dipole is mismatched some unexpected features have been found, in particular the shapes of the effective aperture have been shown to differ significantly depending on how the mismatch has arisen, whether the load resistance is smaller or higher than the internal resistance. The size of the effective aperture, as expected, has been found to increase for a non-uniform input wave which was chosen in the form of two interfering plane waves. Finally, some simple experiments have been proposed which could serve as a qualitative confirmation of the theory.
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The first author acknowledges financial support by the Emmy-Noether Programme of the German Research Council (Deutsche Forschungsgemeinschaft). (where Jn is the nth-order Bessel function of the first kind) it may be shown to reduce to Adding (19) and (21) we get the total power the dipole should receive in the form of (3) apart from a negative sign in the present case. The reason is of course that in the Poynting vector formulation power moving inwards is taken as negative. 
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